The paper presents a method for computing the ionospheric total electron content (TEC) using the combination of the phase and code measurements at the frequencies f1 and f2 of the global positioning system, and applies it to study the TEC variations and disturbances during the magnetic storm in March 2015 using GPS continuous data in the Southeast Asia region. The computation results show that the TEC values calculated by using the combination of phase and code measurements are less dispersed than the ones by using only the pseudo ranges. The magnetic storm whose the main phase was on the 17th March 2015, with the minimum value of the SYM/H index of -223 nT is the biggest during the 24th solar cycle. In the main phase, the crests of the equatorial ionization anomaly (EIA) expanded poleward with large increases of TEC amplitudes, that provides evidence of the penetration of the magnetospheric eastward electric field into the ionosphere and of the enhancement of the plasma fountain effect associated with the upward plasma drifts. In the first day of the recovery phase, due to the effect of the ionospheric disturbance dynamo, the amplitude of northern crest decreased an amount of about 25% with respect to an undisturbed day, and this crest moved equatorward a distance of about 11 o , meanwhile the southern crest disappeared completely. In the main phase the ionospheric disturbances (scintillations) developed weakly, meanwhile in the first day of the recovery phase, they were inhibited nearly completely. During the storm time, in some days with low magnetic activity (Ap<~50 nT), the ionospheric disturbances in the local night-time were quite strong. The strong disturbance regions with ROTI > 0.5 concentrated near the crests of the EIA. The latitudinal-temporal TEC disturbance maps in these nights have been established. The morphology of these maps shows that the TEC disturbances are due to the medium-scale travelling ionospheric disturbances (MSTID) generated by acoustic-gravity waves in the northern crest region of the EIA after sunset moving equatorward with the velocity of about 210 m/s.
Introduction 1
In the middle of March 2015, the biggest magnetic storm during the 24th solar cycle * Corresponding author, Email: lhminhigp@gmail.com occurred with the value of the SYM/H index of -223 nT. The main phase of the storm was on 17 March, so it was called the Saint Patrick's Day storm. The storm is caused by the outbreak of chromosphere-type X, the extremely strong one, which is derived from a black line in the active zone named AR12297, observed on 11 March. According to the scientists of the Space Weather Prediction Center (SWPC), the storm can lead to the disruption of high-frequency radio transmission for hours in several large areas. It is known that during the time of magnetic storm, the ionospheric electric field disturbances observed in the medium and low latitude regions have different timescales, strongly influence the distribution of ionospheric plasma, originate from the direct penetration of the magnetospheric electric field into the ionosphere (Nishida, 1968; Vasiliunas, 1970 Vasiliunas, , 1972 Jaggi & Wolf, 1973; Fejer et al., 1979 Fejer et al., , 1990 Gonzales et al., 1979; Kelley et al., 1979 , Spiro et al., 1988 Peymirat & Fontaine, 1994; Fejer & Scherliess, 1995; Foster & Rich, 1997; Kikuchi et al, 2000; Kelley et al., 2003; Fejer & Emmert, 2003) and the effects of ionospheric disturbance dynamo last longer (Blanc & Richmond, 1980; Spiro et al., 1988; Sastri, 1988; Fejer & Scherliess, 1995; FullerRowell et al., 2002; Richmond et al., 2003) . In the storm time, the basic elements of ionospheric effects in low latitude regions are generated by the morphological change of the equatorial ionization anomaly, EIA, (Appleton, 1946) . During the storm, the ionospheric disturbances can appear in the night-time due to the traveling ionospheric disturbances (TIDs) that are the waveform disturbances of ionospheric plasma (Afraimovich et al., 2013; Hines, 1960) . There are two types of TID having almost periodic oscillations (Georges, 1968) : large-scale TID (LSTID) characterized by high velocity (> 300 m/s) and long cycle (> 1h) and mediumscale TID (MSTID) characterized by lower speed (50-300 m/s) and shorter cycle (10 min to 1h). LSTIDs appear as a chain of shortwave with the small number of cycles, meanwhile, MSTIDs can have several cycles (Francis, 1974) . In addition to the mentioned TIDs, there are MSTIDs having no cycle that appear as the oscillations with different cycles of the electron density. MSTIDs are present in the F region of the ionosphere, whereas LSTIDs are much scarcer, only appear in case of the big magnetic storms. LSTIDs originate from the auroral region (Georges, 1968; Davis, 1971) while the observations of MSTIDs suggest that their source mechanisms are in the lower latitude regions (Munro, 1958; Davies & Jones, 1971) . Many studies on TID based on observation of the ionospheric total electron content (TEC) from the dense network of GPS stations in Japan (Saito et al., 1998; Shiokawa et al., 2002; Afraimovich et al., 2009) , in North America (Tsugawa et al., 2007) , in Europe (Borries et al., 2009) , and from the chain of GPS stations in the region of AfricaEurope Shimeis et al. (2015) have also observed the signs of TID in the medium and low latitude regions. This paper presents the observation results of TEC variations and ionospheric disturbances from GPS data in Vietnam and the Southeast Asia region during the magnetic storm occurring from 15 March to 28 March 2015.
Data and calculation method
Data used in this paper are from the continuous GPS stations in Vietnam and the Southeast Asia region, whose names, magnetic coordinates and latitudes are listed in Table 1 and presented in Figure 1 . From XMIS to PHUT the latitudes change from -19.58 o to 14.89 o , so that we can obtain information about the equatorial ionization anomaly in the Southeast Asia region (Le Huy et al., 2014) . Among these 8 stations, PHUT and HUE2 stations with GSV4004 receiver can provide the S 4 indices, the standard deviation of the code/carrier phase ( ccd ), the specific parameters of the amplitude scintillation of GPS signals when traveling through the ionosphere.
To calculate TEC, a method of using the pseudo range measurements is presented in (Le Huy et al., 2014; Le Huy Minh et al., 2006) , in this paper we introduce the method of using the combination of the phase and pseudo range measurements. In the dual frequency GPS measurements, the pseudo range measurement i kj p and the phase measurement i kj L at the GPS frequencies f 1 and f 2 are measurable, so they can be written (Liu et al., 1996; Carrano & Groves, 2009 ):
where i and j indices are the satellite i and the receiver j respectively; s 0 is the real distance between the receiver and the satellite, d ion and d trop are the ionospheric delay and the tropospheric delay, c is the speed of light in vacuum,  is the satellite clock error or the receiver clock error, b is the device delay of the satellite or of the receiver, N is the multivalued integer,  is the transmission wavelength, m is the multipath effect in the pseudo range measurements or in the phase measurements,  is the interference in the corresponding measurements at the frequencies f 1 and f 2 .
According to the Appleton formula (Budden, 1985) , the ionospheric delay conforming to slant total electron content (STEC) between the R x receiver and the T x satellite can be written:
where s' is the apparent distance between the receiver and the satellite, N (l) is the electron density along the satellite-receiver line in el/m 3 , n is the refractive index, and f is the frequency of radio waves in Hz.
The ionosphere acts as the scattering medium for GPS signals, but the troposphere is the non-scattering medium, so the tropospheric delay can be eliminated by using the subtraction (1b)-(1a) and (1c)-(1d). Using the subtraction (1b)-(1a) and ignoring the multipath effect and the interference, we have:
By the combination of the formulas (2) and (3) we have:
Using the subtraction (1c)-(1d) and ignoring the multipath effect and the interference, we have:
Combining (2) with (5) we have:
In the formulas (4) and (6) (Klobuchar, 1986) :
where  is the satellite elevation angle in degree ( o ), R = 6371.2 km is the average radius of the Earth, h is the height of ionospheric single layer, often considered as 400 km (Zhao et al., 2009) .
So, to work out the value of STEC from the formula (4) we need to calculate the device delays In the formula (4),
quantity that is clearly determined, however due to the influence of interference and multipath effect, its values are usually dispersed; and in the formula (6), the quantity
precisely determined but suffers the jumps due to the cycle slip (Carrano & Groves, 2009 ). We use the quantity STEC p to eliminate the jumps in the STEC  as follows. Within each continuous distance of the satellite tracks, STEC p is approximated by the fourth-degree polynomial. The quantity STEC  is compared with STEC p , which is smoothed by polynomial approximation, to evaluate the magnitude of the jumps in STEC  on the same satellite track. VTEC  in case of regulating the jumps is calculated and compared with the value of VTEC from the global TEC model (CODG model) at the corresponding time in order to determine the total delay of device delay and the nondetermination of initial phase that is similar to the estimation of device delay in calculating the absolute TEC by using the pseudorange measurements. The value of total delay for each pair of satellite-receiver in the observation day is the average value of total delay at each observation time. To reduce multipath effect in the low satellite elevation angles, the values of TEC used to compare with TEC from the global model are often chosen in accordance with the satellite elevation angle α ≥ 30 o . To study the ionospheric scintillation from data of the receiver GSV4004, we use the amplitude scintillation index S 4 that is calculated according to the formula (Van Dierendonck et al., 1993) :
where S 4tot is the total S 4 and S 4cor is the corrected S 4 due to the interference effect. Both of these quantities are obtained directly from the output signal of the receiver GSV4004. S 4 obtained in such way contains the multipath effect, especially in low satellite elevation angle, therefore the scientists often rely on the parameter  ccd , which characterizes the influence of multipath effect, to establish a filter limit for each station (Tran Thi Lan et al., 2011; Abadi et al., 2014; Tran Thi Lan et al., 2015) . The method is based on selecting days of quiet ionosphere in each year at each station, graphing the relationship between the parameter  ccd and the index S 4 , finding a line to separate the scintillation due to multipath effect from the one due to the ionosphere, then the S 4 indices over this line are supposed to be caused by multipath effect, and the ones under this line are supposed to be caused by ionospheric effect. Applying such filter limit on days of any data at each station, we obtain the index S 4 caused by the ionospheric scintillation. The index S 4 obtained in such way is S 4 for the different satellite elevation angles, to get the vertical S 4 , we apply the formula (Spogli et al., 2009) 
where α is the satellite elevation angle, b is chosen to be 0.9.
Another index indicating the level of ionospheric disturbance -ROT, which is the rate of change of TEC with respect to time calculated from the L1 and L2 phase measurements, is used (Pi et al., 1997) :
where k is the visible satellite, u is the time of observation and ROT is calculated in TECU/minute. The measurements of ROT point out the small-scale variations on the background of a larger-scale trend. The rate of TEC index, ROTI, is defined as the standard deviation of ROT at 5-minute interval:
Ordinarily, ROTI ≥ 0.5 reveals the presence of ionospheric anomalies on the scale of a few kilometers or more (Ma & Maruyama, 2006) . Figure 2 represents the component X of the solar wind V x , the component Z of the interplanetary magnetic fields B z , the symmetric disturbance field in H index SYM/H and the auroral electrojet index AE between 15 March and 28 March 2015, in which V x and B z are moving-averaged in the period of an hour. It is necessary to note that the time in each day of the dataset is based on the universal time (UT), the local time LT equals the UT plus 7, in the figure there are two vertical lines corresponding to the start times of the main phase and the recovery phase of the storm examined. At 18:00 UT on 15 March V x began to increase from 295 km/s and reached a maximum of about 690 km/s at the end of 18 March. V x ranged between 550 km/s and 690 km/s from 18 to 25 March; in three following continuous days of 26-28 March V x decreased from 550 km/s to 400 km/s. In the period of 15-28 March, except for March 17, B z varied from -7 nT to ~11 nT. On 17 March B z unexpectedly changed from 8 nT at 3:17 UT to 21.6 nT at 4:34 UT; then B z suddenly reduced from positive value to negative value, which was essentially the movement of B z from the northward direction to the southward direction; and in most of time between 4:43 UT and 23:12 UT B z was toward the South; but in 2 periods of 6:09 UT -6:33 UT and 8:49 UT -11:27 UT, B z was toward the North. The index Dst demonstrates that the main phase occurred on 17 March from 5:00 UT to 23:00 UT; the minimum value of SYM/H index of -223 nT indicates that it was the big storm. The recovery phase started after the main phase from ~ 23:00 UT; the SYM/H index began to increase in accordance with the movement of B z from the South to the North. The variations of SYM/H index show that until the end of 28 March the value of SYM/H index almost came back to that on 15 March, thus the recovery phase of this storm completed at the end of 28 March. In the main phase of the storm, the AE index rose to a peak of 1570 nT; between 18 March and 28 March, the maximum of AE index was from 1130 nT on 19 March to 408 nT on 27 March. In the main phase of the storm, the magnetic activity index Ap reached the maximum of 179 nT, 80 nT, 94 nT on 17, 18 and 22 March respectively; and on other days, the Ap index was smaller than 50 nT. 
Calculation results and discussion

Magnetic parameters during storm time
TEC variations
To compare the calculation result of TEC from the pseudo range measurements and that from the combination of the phase and pseudo range measurements as mentioned above, Figure 3 presents the computation results of TEC by both methods for data at Phu Thuy GPS station on 1 January 2012. It can be seen that the shapes of the TEC curves calculated from both types of data are identical. However it is obvious that on each satellite line the values of TEC obtained from the method presented here are less dispersed. It indicates that the values of TEC computed by using the combination of phase and pseudo range measurements are more reliable than those by using the pseudo range measurements, as some other authors in the world have noticed (Liu et al., 1996 , Carrano & Groves, 2009 The maps in Figure 4 clearly shows the structure of the equatorial ionization anomaly in the Southeast Asia region, including a crest in the northern hemisphere and another in the southern hemisphere that is almost symmetrical to each other over the magnetic equator. The morphology of anomaly changed continuously day by day during the storm. Figure 5 presents the amplitude, appearance time and latitude of the corresponding anomaly crest in that period. The amplitudes of anomaly on 16 and 17 March rose markedly, the crest expanded poleward and the appearance time was earlier than that on 15 March. On 18 March, the beginning day of the recovery phase, the anomaly degenerated, only the northern crest existed with the amplitude decreasing remarkably (about 25%), it moved equatorward a distance of 11 o compared to that on 17 March and its appearance time was a few hours earlier than that on 19 and 17 March, meanwhile the southern crest completely disappeared. The complete disappearance of the southern crest of the equatorial ionization anomaly was also observed by Lin et al. (2005) in the big magnetic storm within September-October 2003. In the first phase of the magnetic storm, the vertical component of the interplanetary magnetic field B z 0, the interactions between the solar wind and the southward interplanetary magnetic field cause the eastward electric field to penetrate directly into the ionosphere (for example, Nishida, 1968; Kikuchi et al., 2000; Fejer & Emmert, 2003) . This eastward electric field increases the fountain effect as well as the amplitude of anomaly crest and promotes the poleward expansion of the anomaly crest. In the storm when the high-energy particle flow of the solar wind deeply penetrates into the polar atmosphere and heats it, there is the appearance of the meridian neutral wind blowing equatorward. The complex interactions between the neutral wind and the Earth's magnetic field cause the phenomenon called the ionospheric disturbance dynamo (Blanc & Richmond, 1980) in which the electric field in the low latitude region is in the westward direction, in contrast to the eastward electric field in normal condition. This westward parallel electric field appears in the recovery phase, causing the downward plasma drift, the decrease in the fountain effect and the degeneration of the structure of the equatorial ionization anomaly. Figure 6 shows the variations of ROTI≥ 0.5 at Hue station and ROTI≥0.575 at Phu Thuy station (ROTI below this level appears in almost all the observation times, and such ROTI index does not reflect the disturbances in the ionosphere), and the S 4 indices selected and calculated as presented above at Phu Thuy and Hue stations from 15 to 28 March 2015. Figure 7 indicates ROTI ≥0.5 at TNGO, CUSV, DLAT, NTUS, BAKO and XMIS stations in that period. Figure 6 demonstrates the definite correlation between the amplitude scintillation index S 4 and the index ROTI calculated from the total electron content obtained from the phase measurements, although the numerical values of these indices are different. These indices almost appear at the night-time from 12:00 UT to 18:00 UT (i.e. from 19:00 LT to 01:00 LT of the following day). In the period studied, on 16, 19, 24-28 March the extremely strong ionospheric disturbances were observed at both stations, on 17, 18, 20-25 March very few ionospheric disturbances were observed at both stations, on 15 and 25 March the ionospheric disturbances observed at Hue stations were much more than those at PHUT station. The distance between HUE and PHUT is about 500 km, the ionospheric anomalies at two stations have the same and different characteristics that indicate the spatial scales of the ionospheric anomalies are not identical on the different days. We also observe a similar condition in Figure 7 . The ROTI indices at five stations (TNGO, CUSV, DLAT, NTUS and BAKO) on 16, 19, [24] [25] [26] [27] [28] March show that the ionospheric disturbances observed at these stations were obvious. In XMIS station, the furthest station from the equator in the southern hemisphere, the ionospheric disturbances observed were rather plenty on 16 and 26 March as in other stations, on other days the ionospheric disturbances were also observed but ROTI≥0.5 rarely appeared. In all eight stations during the night of 18 March, the ionospheric disturbances hardly appeared. As mentioned above, on 18 March the ionospheric disturbance dynamo developed, the EIA degenerated, the southern crest of the anomaly disappeared, the northern crest moved equatorward a distance of about 11 o compared to that on 17 March; therefore, when the ionospheric disturbance dynamo developed, the westward electric field was enhanced, causing the ionospheric F-layer to move downward and the ionospheric disturbances to be prevented. On 17 March, the developing day of the main phase, due to the direct penetration of the magnetospheric eastward electric field into the ionosphere, the equatorial ionization anomaly was enhanced; the amplitude of the crest increased compared to that on 16 March; the crest expanded poleward; the appearance time of the maximum was later; however, it can be seen in Figure 6 and Figure 7 that the ionospheric disturbances in the night of 17 March poorly or hardly developed. On 16, 19, 24-28 March the appearance of the values ROTI≥0.5 were almost observed in all the stations, the magnetic activity index Ap reached 48 nT on 19 March and was less than or equal to 22 nT on other days, so on the appearance days of the ionospheric disturbances; the magnetic activity was relatively weak. To study the spatial distribution of the ionospheric disturbances, Figure 8 indicates the distribution of the ROTI indices observed in the night-time of 16 and 19 March, a day before the main phase and a day in the recovery phase of the storm, Figure 9 shows the latitudinal distribution of the indices ROTI≥0.5 on these two days. To examine the effects of TEC disturbances, we determine the components of TEC disturbances according to the formula:
Ionospheric disturbances
where TEC tb2h is the value of TEC in the corresponding time that is moving-averaged in the period of two hours, this process has been used by many authors in order to analyze the medium-scale and large-scale TIDs (Saito et al., 1998; Borris et al., 2009) . In some cases when the disturbances have the shorter cycles than we choose, the period of the moving average is 30 minutes (Figure 10 ) or 1 hour. The separation of the disturbance components is executed for each satellite, then the temporal-latitudinal maps of TEC disturbances are established by the same process as those of TEC. The results of establishing TEC disturbance maps in the night-time of 16, 19, 24-28 March 2015 are presented in Figure 11 .
The TEC disturbances maps are established for the period from 12:00 UT to 24:00 UT (from 19:00 LT to 07:00 LT of the next day) because the disturbances mainly appear in this period ( Figure 6 and Figure 7) . Although the amplitude of TEC disturbances is small compared to that of TEC, but the obtainment of the TEC disturbance maps having the almost unified characteristics in Figure 11 allows affirming that the process of obtaining TEC disturbances as presented above is logical. The TEC disturbance maps in Figure 11 have the similar forms, two positive disturbance regions are at two sides of the magnetic equator, the negative disturbances are in the magnetic equator and adjacent regions, the negative disturbance region near the magnetic equator in the south is larger than that in the north. In the period from 20:00 UT to 24:00 UT (03:00 LT-07:00 LT) the negative disturbances are mostly in Figure 4 shows that on the TEC map the equatorial ionization anomaly are nearly symmetrical over the magnetic equator, meanwhile, on the TEC disturbance map (Figure 11 ) the symmetry of two disturbance regions at two sides of the magnetic equator is less apparent. In the north of the magnetic equator, the positive disturbance regions stretching continuously in the dashed line direction in Figure 11 give us the picture of the ionospheric disturbances moving equatorward from the northern anomaly crest region. With the scale of about 200-300 km as in Figure 11 , these disturbances can be considered the medium-scale traveling ionospheric disturbances (MSTID). Furthermore, Figure  10 shows that the TEC disturbance containing several cycles with different wavelengths is also a characteristic of MSTID. If the dashed line direction in Figure 11 is considered to indicate the movement direction of MSTID, the movement velocity of the disturbances on the examined days can be calculated at about 210 m/s toward the south. The apparent asymmetry of the TEC disturbance regions in Figure 11 suggests that maybe these MSTIDs do not move across the magnetic equator. 
Conclusions
Based on the observations and calculations, we can draw some conclusions:
The results of TEC calculation by using the combination of the phase and pseudo range measurements are less dispersed than those by using only the pseudo range measurements.
The magnetic storm whose the main phase stated on 17 March 2015 was the big storm. The minimum values of the SYM/H index of -223 nT strongly affected the development of the equatorial ionization anomaly during the storm time. As observed in other storms, in the main phase, the anomaly crests had the increase in their amplitudes and expanded poleward, which was due to the direct penetration of the magnetospheric electric field into the equatorial ionosphere, increasing the fountain effect. On the first day of the recovery phase, owing to the influence of the ionospheric disturbance dynamo, the northern crest of the EIA experienced the degeneration in the amplitude and moved equatorward a long distance (11 o ), the southern crest completely disappeared. Such the variations is only observed in the heavy magnetic storms.
On the beginning day of the main phase, when the magnetic activity index was high, the ionospheric disturbances (scintillations) appeared sparsely; on the first day of the recovery phase, when the dynamo effect developed, the ionospheric disturbances were almost prevented. On some days in the storm time, when the magnetic activity index Ap was less than several tens of nT, the ionospheric disturbances appeared strongly. The ionospheric disturbances mainly appeared in the equatorial ionization anomaly region with the maximum appearance frequency being a few latitudes equatorward away from the anomaly crests.
The ionospheric disturbances (scintillations) observed in the storm are due to the mediumscale travelling ionospheric disturbances (MSTID) generated by acoustic-gravity waves in the northern crest region of the equatorial ionization anomaly after sunset moving equatorward with the velocity of about 210 m/s.
